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performed with a.wing model, to which

been fitted. Tile.rotatio-nof the cylin-

der had a remarkable effect on the aerodynamic properties of

the wing. The effect of some of the essential factors was

likewise investi~ted. ‘J/care ,pivir.,gtk.cexperimental results

and a theoretical cxplan,ationof the phenomenon, toget’her

with a qcncral discussion of the :problems still to be investi-.>

gated and the possibilities of practical application.

Introduction

preliminary tests, made in Scpte;ober antiOctober,

1924, showed that a very appreciable riled.ificationof the air

flow about the wing was obtained.by ~otatii~.gthe cylinder

(Figs. 1-2) . In the preliminary tests, only the value of the

lift ( Cy) was m’casurcd,while the revolution speed of the cyl-

inder was not accurately det ermincd (See lT.A.C.AO Tech.nical

* From a preprint of ?.epo,rtA.105 of the “Rijks-Stud icdie-nst
voor d.cLuchtvaart, ” Amsterdam.
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Memo randum No. 30’7) ●

. ,.
Su-bseauentTests .-’During the subsequent tests, which were----

undertaken without any considerable changes in the original

apparatus (Fig. 3), we were CoInpellf3~L} first of all, to deter-

mine the various values with more precision. The details re-

garding the method employed will be given in a future, more

circumstantial. report. In the meantime, it will suffice to

mention that the values of Cy are accurate to within 2$ and

the value of CJx to within 10$.

Tests have been rmadc:

1. With the same model (Fig. 1, model 38a), determining

the drag Cx, as well as the lift
CY’ both with the cylinder

at rest a-ridwith it in motion, and fixing the effect of the

changes in the ratio of the peripheral velocity of the cylinder

to the velocity of the wind (u/v);

2. With the same model, the width of the slot between the

cylinder and the fixed part of the mod.cl having been changed

(Cy and the effcct of U/V being”determined);

3. With the same.model, provided with a leading-edge

piece (Fig. 1, model 38b), so as to give to the whole the shape
,..

of a normaJ-wing (Cv and Cx
,,.

being d-etermined with the cylin-.

der in motion and also with the cylinder at rest);

—. —- —
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4. With tilemodel 33b, after ‘having closed the slot on

the lower side, so as to-enable t~iecylinder to be active only

on the upper or ne.~ative-pressure side, model 38c (Cy being

determined) . .

It is well to remernherhere that the only object at first

was to find a combination capable of being enplcyed.on an air-

pllne and which, in the event of the cylinder ~topping, would

not be too poor aerodynamically. It has already been set “

forth in the provisional report as to how the effect of the

cylinder might b e explained. Contrary to what takes place,

when experiments are made with cylindL~rs alone or i-ncom-oina.-

tion with small fixed bodies, it is convenient (in the case

under discussion) to attribute the observed phenomena espec-

ially to the effect of the cylinder on the velocity of the air

in the boundary layer on the top of the wing behind the cylin-

der.

The filaments of air circulating at a very short distance

along the body (boundary layer) are stron@y retarded by the

effects of friction. This retardation may be so great that

any increase in pressure along the body cannot be ovcrcomc. In

this event, a counter–current will “Deproduced in the boundary

. ... . layer and the flow (filaincnts)will become detached from the

body, forming a turbulent zone and thus producing a &reater or

less change in the whole aerodynamic process. On wings with a
\

-l&&’~ an~le of attack, this phenomenon is generally manifested

——.. .-... - ---.— —— —— —-—
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only near the trailing edge. As the angi e
>.. ,,— .,. . . .. . ,,, .,,

the”turbulent zone.extends farther forward,

4

of attack increases,

until it final.ly

covers the whole top of the wing. This phonomcnon is accompan-

ied by the well-known shifting of the forces in.the ,vicinity

of I,vhatis termed the Ilcriticala~g~e of attack.!! As the

angle of attack increases, a point, iS’finally reached where
,

the lift ceases to increase and begins to decrease more or

less rapidly, while the drag continues to increase strongly.

If, at this point, a stronger impulse can be

boundary layer, it will be able to withstand

more. rapid increase in pressure. The result

imparted to the

.a greater or

is that in cases

where otherwise the boundary layer would be completely de

tacned, this detachment will be avoided or at least reduced to

a minimum. By this means the critical angle of attack of a

wing will acquire a greater value and the coefficient of lift

will also be increased. Now it has been found that the incor-

poration of a rotary cylinder is the very means required to

give a greater impulse to the boundary layer. The cylinder will

draw to its surface the boundary layer which, after reaching

the fixed part of the wing, will possess, from then on, this

great er rnomcntum,which it would not otherwise have had. This
?..

explanation of the phenomenon is, ‘mo~eovcr.,tiorroboratedby

the results obtained in practice.
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.

Rcs-all-t.s.- These are given in Fi8s. 4-8 and Tables 1–111,
,,. . ,,,.
the measured.forces””being’ ex~res”sedin absolute coeffic-i.snts

by means of the fcrmulas

and.

in which:

Ry = Gy : CV2
b

Rx = c~ ~ OV2

%
~L~the lift (the component of the force of the

i~~r.d“pclwendicular’to its direction) ;

Rx i:; the cirr.g ( the comp~ilentof the force of the

7JJind“~aral~el to its di~cc.tion.);

C~ aild.C~ respectively rcprcse~-t the coefficients

Y

E
o

v

,.‘,.
of thrust and dra~;

is the specific mass ~f the n.ir;

is the surface area of the model.;

is the veloclt J“ T?cf the wiv.d.

In.r:ostof these tests, the w.rious numerical values were

~ in the accomprunying dia.urams, on the one IiU.nd,antL the results
\
L of tk.is study, On the o-thcrhand, dcmonst rate that the rotary

cylinder caus es considerable chanp;es in the flow. This fact

fully confirms the r.hovehypothesis that tileeffect of the

cylinder c?.-nlJe ~~1~]..ainedby the acc eleration it cOl?m?mniCZLtW,.



.-

..

6

to the flow of the boundary layer.

,. -. So long..as.there ..is.little or no detachment or discontinu-

ity of the boundary layer (i.e., below the critical angle of
.

attack) , there will be, evem while the cylinder is rotati-n.g,a

curre-nt similar to the flow about an ordinary wing. In both

cases, the character of the forces must be similar. At any

rate, the action of the “cylinder iilcreases the critical angle,

which results in the attainment of a higher maximur~ coefficient

of lift. It follows from Figs. 4-5 t’hatsuch is actually the

case. For the sa’kcof”comparison, the data have also b em add’-

cd for a model of an ordinary wing. The G&ttingen wing pro-

file No. 386 was chosen for this purpose, “oecause it is very

similar to the model with a leading edge. The curves of the

model No..38a (without leading edgy) can be very well envisa-

ged as the prolongation of t’necurves of the C-&ttingenpro–

“file No. 386 below the critical angle. The mximum coefficient

of lift is, however, 1.215, instead of 0.64 for ?.nordinary

v ins prof ilc, i.e., 90$ higher. Hi~h lift coefficients are

always coincident ‘.-~itha high resistarlce or drag.II The latter

~“
! is composed, in part, of a high induced drag o.nd,in part, of a

.
high p?ofile drag. The induced drag of this model is shown in

:1
j Fig. 4. The inciuccddrag is necessarily high, because it de-&-, ,.
1 pends directly on”the coefficient of lift. The high profile

drag is due to the fact that the boundary layer is detached

from the rear portion of the top of the -.~ing,a fact which has

I.. -----
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been established for large angle~ of attack by the examination

. “of the air f“low. The cylinder, although it resists this deta.ch-

ment near the leading edge, is not able; however, to maintain

perfect contact of the boundary layer tiith the t7hole surface

of t-neWiilgo In order to obviat e“this disadvantage, it might

be possible to employ another profile, to mount the cylinder

at another point, to mount a second cylinder farther back, -to

increase the impulsion of the boundary layer by increasing,the

revolution speed of the cylinder, or ‘o.yroughen i-rigits surface.

The efficiency obtained with the model No. 38b (with a leading–

edge piece) was much lower. The maximum coefficient of lift

was 0.724, only 13? hiGher t’hanfor the G6ttingen model No.

386. This is ascribable to.the fact that the cylinder had only

a small active surface (Fig. 1) and that, consequently, the

boundary layer was’less affected. Tti.e junction of the curves

of No. 38b and of the G8ttinCen profile No. 386 is not entirely

satisfactory, probably due to disturbances at the rear edge of

the leading-edge piece, which the cylinder is unable to elimin-

ate.

No an-orcciable effect was produced “oy covering the portionL&

of the cyli-ndcr,which (in the model with the’leading edge) is

,>- . in contact, on its.lower side, .~withthe boundary layer of air

(model ,38c) (See Table III and compare the values obtained with

model No. 38b when the cylinder was at rest) . The conclusion

to be drawn from this fact is that the effect of the cylinder

_.
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is confined ck.iefly to its upper side.
,.,

The models 38a and 38b (with the cylinder at rest) gave

similar results, namely, a very small lift and a large drag.

This can be explained by the considerable disturbance produced

in the flow by the sharp edges of the fixed part, situated im-

mediately behind t’necylinder. The effect of these edges was

clearly shovm by closing the slot between the cylinder and the

rear portion with paraffin, so as t)oobtain a conti-nuous sur—

face (Fig. 2) . The rclative agreement kctwecn the v:.l.ucwof

the coefficient of drag, when the ,an~les of attack are equal,

for the models with the cylinder either rotating or fixed, must

b e attributed to chance, considcrin~ that, in the first case,

the induced drag and the profile drag are both large. In the

second case, on the contrary, the induced drag is much less

and the profile drag is much greater.

It follows from the above, explanation of the effect of the

cylinder on the boundary layer, that’the ratio of the ‘~periph-

eral velocity of tb.ecylinder to the velocity of the wind”

(u/v) i~a.y be quite insignificant (inasmuch as this ratio has

little effect below t“hccritical angle of attack) , but that it

may moclify the value of this angle. This is clearly shown by
..

Fig. 7, which graphically presents the results obtained for

three different valu~cs of the

the SIOi.

decreases.

The curves
.

Analogous

incline

results

ratio u/v for a ~ive-nwidth of

more

were

strongly, as the ratio u/v

obtained for other widths

..—. —
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of the slot.

It was also found that a preponderant influence was exsrt-

cd by the width of the slot between the cylinder and the fixed

rear piece. When the ratio u/v is con-stant, the critical

angle is reached sooner in proportion as t’heslot is wider.

Fig. 8 furnishes a characteristic exanple of this. In ~rdLer

to understand this phenomenon, it should be observed that, in

proportion as the width of ,the slot is increased, the portion

of the boundary layer of the cylinder, which is simply lost in

it, increases and the useful effect on the upper surface of

the fixed part simultaneously decreases.

General Conclusions .- The effect of the adaptation of a

rotary cyli-nde”ris practically the same as that of making a

slot in the wing (like the slotted wing of Handley-Page) .

Under the circumstances, a comparison of the results obtained

thus far by means of these two inethods cannot fail to be of

intcrest. For wings provided with a slot in their front por–

tion, th’emaximrn cocfflcicnt of lift was found to be 1.17.

For wings provided with a slot in the front part and an aileron

wit’h a slot in the rear part, }his coefficient was found to be

~.27.*

On exarninin~~th~.m,result~=i$btaied,

c~i
,, ,,-.b.4

several imports.-ntques—
,. ,L$) 3 p$t

:J, :-

tions arise, whi ~~=have n’et::h~e<enanswered by the testsi These

~{irlg, 1’ Aeronautical Re-

1
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questions involve both the theoretical side of the phenomenon

and the possibility of its practical application. The impor-

tant theoretical points, whose solution may “roveconsiderable

influence on their practical utilization, may be divided into

two groups. The first sroup consists of those which concern

the effect of the cylinder on the boundary layer, and the sec-

ond group comprises those which concern the manner of utiliz-

ing the accelerated boundary layer

essential factors, determining’the

the boundary layer are as follows:

to the best advantage. The
.

effect of the cylinder on

1, the ratio u/v of the

peripheral velocity to,the wind velocity; 2, the de.~rce of

roughness of the cylinder; 3, tileeffect of Reynolds Number.

The .~rcatsignificance of the value of the ratio u/v has al-

ready been demonstrated by the results of tlietests. The ques-

tion as to whether this action has a maximum, still remains un-

SOIVed. In other words, would it be possible, by increasing

this ratio, to ranch a point beyond which there would be no

further useful effect and, in the affirmative, what are the

determining factors of this maximum? Previous to these tests,

some preliminary experimmts gave the impression t“hatthis

rnaximun actkally exists and that it is reached in the vicinity
,.. ,,

of 3.2, tilevalue employed for the ratio u/v,: Th~ rc~ults of

these experiments are not numerous enough, however, to warrant

positive conclusions. Ho experiment has yet been performed for

determining the effect due to the nature of the cylinder sur-

&_
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face. It is possible thzzta rough cylinder my act more powcr-
.,

full”yon”the boundary ’layer and that, due to this action, ‘~et-

ter results may bc obtained. The determination of the effect

of Reynolds Num’ber likewise requires more elaborate experi-

ments, in view of the fact that the thickness of the boundr.ry

layer and the distribution of the velocities.in this layer de–

pcnd on thic number.*

In the second pl:ace,we have the nroblem of the intcn.sivc

utilization of the accelerated bouridary layer. Flere;the shape

of the wi-ngprofile and the location of the cylinder arc impor-

7y (theoretical):*Biblio,qrano

Prandtl, “-ieberTlussigkeitsbewegung bei sehr kleiner Rcihung,f’
Verhh d.111, Int. Math. Kongr. , Heidelberg, 1904, p. 484.

Von Karrilan,“Ueber laminare ur.titurbulent e Reibu.ng,“ Zcitsch.r.
f. All~eVr.ltath. U. Mech. , 1921, p. 233.

“Ueber die Oberflachenreibung von Flussig’keitenj“ pu”olishcd in
“Vortrage aus dem Gebiete der Hydro– ‘md Aero–dynami’k,” I-n-ns–
bruck., 1922, p. 146.

“Aerodynamic,Fuchs-130pf, “ p. 171.

BiblioRra-ohy (experimental) :

Burgers and Van dcr gegge Zynen, ~lPzelimina,ry Measurements of
the Distribut ion of the Velocity of a Fluid in the Ir.medi~te
Neighborhood of a Plane Smooth Surface!! (Mededeeling No. 5,
Laboratorium voor Aerodynarnica en Hvdrodvnamica der Technische
Hoogeschool ~e Delft) . -

Van der 15eZgeZyn5n,
in the 3oundary Layer
Delft, 1-924).

..Buracrs. “TileMotion

1!~~asurerlent S
along a Plane

of a Fluid in

of the Veloci-tv Distribution
Surfacell (Diss~rtatie, .

the Boundary Layer along a
of the First Interns.tioaal?lan~ Smboth Surface. II Proc cedinSs

Congress for Applied Nechanics, Dclft, 1924, p. 113.
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ta.nt, -thou?;hthe possibility of usi-ng ~morcthan orlecylinder,

or of causi-ng, in some other manner, tk.ewing

With ti~cair flow, is rot excluded.

In this,cmcm.cction, it i.sapp~opriat e to

covering to move

call at’~ention

a~ain to the fa,ct that the mediocre results o“ot,aineduith the

fixed cylinder, are ascribable to the ~isturbin,~ effect of the

slot . It was found by” the H.S.L- (the ~overnment agency for

the Stlldyof aeronautic problems)* that this prcjuciiciz.1ef-

and t-hatthe frent portion of the wing i:.particularly sensi-

iji.ve. It is therefore probable tl~.t it is “oetter to mount the

cyli~-d~r f,~rth~r t~}~:~rd the re~~ L_LT:&t~~.t j ‘Dy so doing,, it
*,

would be possible to cbtain better rcsl;l.tswith t-nefixed c-yl-

inder.

In SOT3eOf the C:;GVe tCXtS, it wcmld. only b e necessary to

measu~c the

tion of tile

make a nore

purpose, it

fcrces fcm c-r-emodel r.r.dto make a brief examina-

air flGw. In others, it wGuld ‘oenccessary to

~~~-oroumhstudy of t’ner-~ture Of the flo~T* For thisI.>

would’b“epossible to determine the pressure distri-

bution on tile~rface of a model and in the boundary lta~ycr.

Professor J. Y. Burgers Gf Delft h~s lii~~dlyconsented to under-

* V ersla~ei~cm Verhandel-in.gen van den RijY.s—Studiedien-stvoor
dc Luchtvaart, Vol. II, 1.923: Report A. 51; 1’Exp~r iei~ce~sur un
m6canis~flcr&itiis3.ntla lon.

r
cur do TOUIerxmt et de vol pl?.:td~

11atter~issr.gc des a.vions N.A.2•~*0Tethnical Mer+orandum KG.27’2)
~Le~ort A% .29, IIExP~ri ~~~es s:~r 1 f i-nflu~n~ e fj tUi’le echam rure da~ls

lC bord d~attaque d.ellaile d-cllavion Tokker F III sur I.CS
c{aracte“ristiqucsa.di’odynamiques(11.A.C.A. Tec’hnical LIemo~aridum
No. 103).
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take these investigations with the model employed

port ---- . ,- ,....

As retigprdsthe practical applications, it is

for

13

this re-

especially

important -toinvestigate the cases ~~herea high value of the

coefficient of lift is desirable, i.e., in takin~ off, in clirflb-

ing and in landing. The provisional results snow no improv~

rnent in climbing, because,. for the c-l.im”cingspeed, the maximum

value of cj”/c; is the most important factor and is attained

at Smail values of Cx~. For taking off and landing, it is ir~L-J

portant, however, to have a high maximum value for Cy> which

produces, for a given wing loading, a low minimum flight speed

and conscquer.tlyshortens tb.e distant e required for taking off.

The cylinder may also help where the local disturbance of the

flow must be avoided without its beinp necessary to have z

high Vah_lC of Cy. Solxeimprovcrmnt of the profile drag mi~ht

perhaps be obtaiiled for large angles of attack (not, however,

exceeding the critical an,qle)by preventing the cictachmcnt of

the air flow on the rear portion of the upper surface of the

wing, by iiltroducinga cylinder in this vicinity. There would

be rmny other useful applications, as, for emmple, to prevent

the dctachmerit of the air flow at the ed~es of

wing, or to prevent a sudden detachment of the,,.

cihity of the critical angle of

the ailerons or the stabilizer.

T~an~].ation by Dwight M. If,iner,
Nat ional.Advisory Committee for

attack, either

Aeroilautics.

a cutaway ‘ina

flow in the vi–

for the wing or
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Table I.

Model No; ’38a“(without-leading edge)

Width of slot=O.5 mm(O.02 in.); u/v = 3.2; v=5 m(16.4 ft.)pcr.sec.

a,

11.0

16.0

21.3

26.4

31.6

36.6

41.7

46.5

51.6

Cy

0.7065

0“7?75

0.9305

0.993

1.125

1.1995

~o~15

1.0735

1.146
I

Cx

0.0875

0.127

0.1G9

0.249

0.280 ‘

0.395

0.356

0.4165

,
a = angle of attack.

— —

Cylinder at rest

a

10.3

15.4

‘20.4

25.5

30.5

35.5

40.6

45.6

50.6

Cy

o.~~15

0,257

0.264

0.3575

0.375

0.3935

0.401

0.4085

C).4(3~5

0.122

0:1625

0.218

0.246

0.2585

0.3605

0.408

0.4695

0.5085

Cy = coefficient of lift.

Cx = coefficient of drag.

.,

●
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Table 11.

‘Yodel ‘No~ 38b (vith leadin~ edge) /’

Width of slot=O.5 nm(O.C2 in.); u/v = 3.4; v=5 rl(16.4 fto)persec.

Cylinder in.motion

a

15,9

18.5

21.1

23.5

2509

c-lr

0.6125.

0,6605

0.’724-

0,6825

0.5895

0.123

0.134

0.163

0,212

0.2415

a= angle of attack.

c – coeyficicnt of lift.~Y–

Cx = coefficient of dra~.

Width of slot=:O.5n

,.

Cylinder at rest

a
——

15.4

lflyo

20,5

23,”0

25.5

Table III.

Xxiel ITo.38c.

0.02 in.); u/v = 3.C——

Cylinder in motion.

a. I CY

15.8 ~ 3.5475

25.8 I 0.5185

30.8 I 0.540

angle of attack.

Cy

0.297

0,330

0.3475

0.3335

0.357

c~

0.173

0.2025

0.2945

()~215

0.232

v=5 m( 16.4 ft.)per sec.

.,

b

Cy = coefficient of lift.

I
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Fig-q Coefficients of lift (C ,) and drag (Cx)
bfor models No.38a and 3 b.
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Fig.5 Coefficients of lift (Cy) for models
No.38a and 38b.(
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Fig.6 Coefficients of d~ag (Cx) for models No.
38a & 38b.
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Fig.7 Effec4~ of ratio (u/v) of peripheral velocity to velocity
of wind. Model l?o.38a (without leading edge). Width of
slot,lm,m (0.4394in.)
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Fig.8 Effect of width of slot. Model No.38a (without
leading-edge piece),u/v = 1.3.
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